Here we present a systematic comparison of optical properties of tungstendiselenide monolayers on different substrates. While similarities have been found, small differences in emission energy and decay dynamics have been observed depending on the substrate.
Introduction
In recent years 2D materials based on transition-metal dichalogenides (TMD) have drawn much attention due to their remarkable optical properties. As these materials become a direct semiconductor in the monolayer regime, they have been shown to be a potential candidate for optical devices such as photodetectors [1] or field-effect transistors [2] . While the main optical properties like emission energy and decay dynamics of these materials have been studied [3] - [5] , the influence of the substrate material on the optical characteristics are not yet sufficiently understood. Most of the studies yet published focus on one particular substrate, mainly SiO2 or Sapphire. Here we present a systematic comparison of the optical properties of WSe2 monolayers on four different substrates. While similarities have been found, small differences in the emission spectra and decay dynamics have been observed depending on the substrate. To address the use of monolayers in potential applications, transparent and opaque substrate materials have been included, with the dielectric substrates being chosen to differ in their refractive indices. While four of the studied samples were produced by mechanical exfoliation, a CVD-grown WSe2-monolayer sample is included for comparison. The investigated samples are isolated on SiO2, sapphire (exfoliated and CVD), MgF2 and hBN on Si3N4. Microscopic pictures of the samples are shown in fig.1 . For a first indication of the thickness, the contrast of the picture along the yellow depicted line is shown in the lower line of fig.1 . For all samples, time integrated and time-resolved photoluminescence (PL) spectra under pulsed excitation with a frequencydoubled Ti:Sapphire laser were obtained as a function of the pump power. The measurements have been performed at room temperature as well as at 10K.
Experiment

Results
The results of the time-integrated spectra are shown in fig.2 . The spectra are fitted with the sum of multiple gaussian functions. To characterize the peaks, power-dependent peak intensities were fitted to a power law. Thereby, the emission signatures have been attributed to exciton, trion [3] and biexciton [4] species as well as bound excitons at defect states. Particularly at low temperature, the differences between the samples become obvious. We observe small shifts in energy as well as the existence of different spectral features. In the transients (data not shown here) measured at room temperature, we observe an increase of the decay rate at higher excitation densities. Similar to Mouri et al. [6] , we attribute this behavior to exciton-exciton annihilation. Figure 2 : Spectra of the investigated samples at room temperature (upper row) and 10K (lower row). To quantify the overserved peaks, the spectra are fitted with the sum of multiple gaussian functions. The shown pump densities correspond to 340, 1000, 2900 and 3400 W/cm 2 However, at 10 K this behaviour of annihilation is not observed. Instead, a more complex behaviour is obtained due to different power dependence and PL lifetimes of the spectral features. As different samples show different features, we observe sample-dependent modifications of the overall decay dynamics obtained from spectrally-integrated transients. The observed differences in the spectra and the dynamics are likely the result of an interplay between various parameters, such as the dielectric environment, and different surface quality as well as substrate-induced doping effects [7] . Thus, this study inspires further detailed investigations concerning substrate-and surface-related optical properties of 2D materials.
